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Abstract: Large amounts of microorganisms are emitted from animal houses into the environment
via exhaust air. To assess the potential risks, the spread of microorganisms can be simulated with
computer models. Such modeling usually does not take into account die-off rates, since there are
hardly any reliable data so far on how long microorganisms can survive in outdoor air. Previous
studies were conducted almost exclusively in closed chambers and usually only took into account the
influence of individual environmental factors such as temperature or humidity. Therefore, a novel
bioaerosol chamber was developed to quantify the survival rates of Staphylococci specific to livestock
under outdoor air conditions. For evaluation, the survival rates of Staphylococcus xylosus were
determined as a function of temperature, relative humidity, ozone concentration, and global radiation.
Survival rates decreased with increasing temperature, decreasing relative humidity, increasing global
radiation intensity, and increasing ozone concentration. At 12 min in the airborne state, die-off rates
of more than 90% were observed, especially at high global radiation levels > 400 W/m2. The novel
bioaerosol chamber enabled the investigation of the survival rates of airborne microorganisms over a
certain period of time in a quasi-closed system and yet under real outdoor air conditions.

Keywords: bioaerosols; tenacity; Staphylococcus xylosus

1. Introduction

The air in animal housings contains large amounts of microorganisms that are emitted
into the environment via exhaust air. These are suspected to negatively affect the health of
humans and animals in the vicinity of livestock facilities [1]. Therefore, it is of great interest
to know the dispersal distance of airborne microorganisms from livestock operations to
assess potential risks. Characteristic for emissions from animal husbandry are bacteria
from the family Staphylococcaceae. Bacteria of this family are often found in large numbers
in the air of animal houses. Their detection is usually carried out by culture-based methods,
i.e., the microorganisms are collected from the air, then grown on nutrient plates, and
the grown colonies are counted as colony-forming units (CFU). Typical concentrations of
Staphylococci are, for example, 10,000 CFU/m3 in cattle farming, 100,000 CFU/m3 in pig
farming, and 1,000,000 CFU/m3 in poultry farming [2]. In addition to the comparatively
high concentrations in poultry farming, about 20% of the Staphylococci belong to Risk
Group 2 and are therefore a health concern [3]. High concentrations of Staphylococci are
also found in the emissions from poultry farms. Typical emission factors, i.e., the number of
CFU that escapes into the environment via exhaust air per livestock unit (LSU) and second,
are, for example, about 1,000,000 CFU/LSU*s as an annual average, with sometimes large
differences between day and night of up to three powers of ten [4].

Computer models can predict the dispersion of Staphylococci and calculate the con-
centrations in the surroundings of livestock facilities [5]. For realistic dispersion modeling
of microorganisms, further input parameters are necessary in addition to the prevailing
meteorological conditions, orography, and emission factor. Here, particle size is particularly
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relevant, since the aerodynamic diameter of the particles determines their sedimentation
and thus how far they are carried via the air. For Staphylococci from poultry farming, it is
known that they are more likely to be found on large particles. In emissions from chicken
and turkey farms, only about 15% of Staphylococci were found in the dust fraction PM2.5,
20% in the dust fraction PM10, and 65% were larger than PM10 [2,6].

Another important factor that has been largely ignored in dispersion modeling is the
survival rate of Staphylococci in the air. The survival of bacteria in the air depends on
many factors. The most important is the tenacity of the individual species as well as the
meteorological conditions of temperature, humidity, solar radiation, and the so-called “open
air factor” (OAF). The latter describes a biocidal effect of outdoor air on microorganisms
that is mainly caused by ozone–olefin reaction products [7]. A large number of studies have
been conducted on the survival of microorganisms in the air over the last 50 years, but they
show clear limitations. The main problem is that the studies have almost exclusively been
conducted in closed systems [8]. The substances causing the OAF are extremely reactive
and degraded within a few minutes on the surfaces in the test chambers used [9]. In
addition, usually only the effects of temperature and relative humidity on the survival rates
of airborne microorganisms have been studied. Data that also consider global radiation
and OAF are virtually non-existent. However, it is known from individual studies that
the survival rates of airborne microorganisms are also strongly influenced by OAF and
global radiation [10–12]. If the survival rates of airborne bacteria are to be studied under
outdoor air conditions, these factors must also be taken into account. However, the existing
closed test systems are not suitable for this purpose. Therefore, a novel bioaerosol chamber
was developed to study the survival rates of airborne microorganisms under real outdoor
air conditions. The system was designed to maintain the OAF in the chamber as much as
possible and also to allow the natural sunlight spectrum to enter the chamber without loss.
The basis for the concept of a novel bioaerosol chamber according to Clauß et al. (2016) [13]
was provided by the investigations of Hood (1971) [14] that a twelvefold air exchange per
hour would be necessary to maintain the OAF in a closed system. From this, a concept
was derived for a bioaerosol chamber consisting of a translucent foil balloon. This is
continuously inflated by supplying fresh outside air in such a way that the chamber
volume increases exponentially. The continuous supply of fresh air largely maintains the
OAF inside the system. To evaluate the chamber, the meteorological factors affecting the
survival rates of the model organism Staphylococcus xylosus in the air were determined. The
data will be used in the future to help improve dispersal calculations for microorganisms.

2. Materials and Methods

The schematic structure of the test system is shown in Figure 1. The bioaerosol chamber
consists of a 200 µm thick, UV-A and UV-B transparent greenhouse film (Lumisol clear
AF, BayWa AG, München, Germany). In preliminary tests, a chamber with a volume of
8 m3 and a test time of 14 min proved to be the most practicable. The foil chamber was
made under the cleanest and least germy conditions possible before each trial. First, the
greenhouse film was cut to the desired size of two pieces of 3.25 m × 3.70 m. Then, the two
pieces of film were placed on top of each other, and the edges were taped with vapor barrier
tape (Ursa Adhesive Tape SECO KP, GLOBUS hitseller GmbH, Völklingen, Germany) to
form a closed-film balloon. Self-made eyelets were attached to the four corners of the
foil chamber with pieces of the vapor barrier tape and a washer in each case, in order to
attach them to the corners of the measuring platform with tensioning rubbers during later
operation of the chamber. In this way, the chamber was secured against gusts of wind.
Three ports made of PVC and fitted with silicone ring seals were connected to the foil
chamber. A central port with a diameter of 100 mm, positioned centrally at the bottom,
was used to fill and empty the chamber. The supply of fresh outside air from below also
reduced premature sedimentation of the particles. The other two smaller ports were used to
accommodate the sensor for temperature and relative humidity and as a passage for a PTFE
tube for ozone measurement. The film was cut at the appropriate locations to accommodate
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the ports. The three ports were disinfected with Bacillol®AF before installation and then
covered with aluminum foil. The still-airless foil balloon with the installed ports was
finally folded up to an approximately 1 m × 1 m square and was thus available for the
upcoming experiments.
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Figure 1. (1) Foil chamber (a: at the beginning of an experiment; b: fully inflated at the end of an
experiment), (2) ports for different sensors (a: at the beginning of an experiment; b: fully inflated
at the end of an experiment), (3) port for filling and emptying the chamber, (4) mobile measuring
platform, (5) fan for filling, (6) stepper motor driven slide valve, (7) flow straightener, (8) hot wire
anemometer, (9) bioaerosol generator, (10) ball valve, (11) ball valve 2, (12) bioaerosol collector,
(13) HEPA filter (H14), (14) fan for draining, (15) measuring and control equipment, (16) artificial
grass, and (17) spacer (wire mesh). (Figure created by author.)

The foil chamber was installed on a mobile rectangular measuring platform with the
dimensions 3 m × 4 m edge length and 1 m height. This was made of lightweight aluminum
profiles (item Industrietechnik GmbH, Solingen, Germany). To enable the chamber to be
moved outdoors for the tests, it rested on 4 antistatic heavy-duty rollers. Between the
chamber and the measuring platform there was artificial grass over the entire surface so
that the light coming from the sun was not reflected from the aluminum surface of the
platform from below into the chamber but was absorbed and scattered as naturally as
possible, imitating a green surface. Between the artificial turf and the underside of the foil
chamber, a wire cage about 10 cm high acted as a spacer to ensure under-ventilation of the
foil chamber and minimize heating from below.

A PVC pressure line system was housed underneath the measuring platform. All
associated connections were either glued airtight or are designed with O-ring seals made
of silicone or Viton®. The system included two fans, pipe and filter systems for filling and
emptying the chamber, and the measurement and control technology. Additionally con-
nected to the piping system were a bioaerosol generator and a bioaerosol collector. Several
ball valves were used to seal everything airtight. Additional safety was provided by a
system of HEPA filters that prevented microorganisms from escaping into the environment.
No filter was installed at the air inlet, since in preliminary tests various filter materials had
lowered the ozone concentrations in the chamber to below 5% compared to the outside air.

The heart of the fresh air supply for filling the bioaerosol chamber was a mechanical
pull gate valve in a Y-pipe section. In the zero position, one branch was closed, while the
other was 100% open. A stepper motor was used to open the closed section while the open
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section closed. The upstream fan always ran at full power, so that the supply of fresh air
was controlled only by the position of the pull gate. This ensured a uniformly increasing
course of the quantity of fresh air supplied, which was largely independent of changes
in the back pressure, e.g., due to unfolding of the film chamber. To double the chamber
volume per time unit, the fresh air supply was controlled by means of a PD control loop.
The controller was implemented in software on an ATMega128 microcontroller (Atmel
company, San José, USA). The flow velocity of the supply air (actual value) was measured
via a hot-wire anemometer (HVAC miniature flow transmitter EE671-V3xDSx 0.2–10 m/s,
E+E ELEKTRONIK GmbH, Bad Homburg, Germany) and compared with a setpoint. The
setpoint was obtained from Equation (1) for a doubling of the air volume every 2.5 min.

w = 0.0212 × e1.386 × t (1)

w: setpoint.
t: time from start of the experiment (s).
An actuator value was calculated from the (control) difference. This served as

the input parameter for the stepper motor that drives the slide valve. Every three sec-
onds, the current-manipulated variable, setpoint, and actual value were recorded. Ad-
ditionally measured and recorded every 3 s were humidity and temperature (humid-
ity/temperature OEM sensor with Modbus interface type: EE071-HTPBAN1, E+E ELEK-
TRONIK GmbH, Bad Homburg, Germany), air pressure (TruStability® Board Mount Pres-
sure Sensor HSCSRNN1.6BA2A3 0. 1600 mBar, Honeywell Deutschland Holding GmbH,
Offenbach, Germany), differential pressure (TruStability® Board Mount Pressure Sensor
HSCDRRN010ND3A3 ± 16 mBar, Honeywell Deutschland Holding GmbH, Offenbach,
Germany), global radiation (Pyranometer CMP3, Adolf Thies GmbH & Co. KG, Göttingen,
Germany), and ozone (ozone monitor APOA-370 with measuring point switch, HORIBA
Europe GmbH, Oberursel, Germany).

Humidity (%), temperature (◦C), and pressure (mbar) were measured both inside
the chamber and outside. Additionally, the pumped volume (L) was given so that the
chamber volume can be read. The global radiation (W/m2) was measured only outside
the chamber. The global radiation value inside the chamber was calculated by multi-
plying the value measured outside by 0.835 (transmission of the film). For safety, the
pressure inside the chamber was continuously monitored. As soon as it exceeded a value of
0.8 mbar, an acoustic signal sounded as a warning, and from a pressure of 1.2 mbar, the
supply of ambient air was automatically switched off.

Staphylococcus xylosus DSM 20266 were used as test bioaerosol. The strain was obtained
from the DSMZ Braunschweig, Germany, and a permanent culture was established. For
each experiment, some of the permanent culture was taken with a sterile inoculating loop,
spread evenly on a plate of Casein Soy Peptone (CASO) Agar, and incubated at 37 ◦C for
approximately 43 h. For the experiments in the bioaerosol chamber, the suspension of a
pure culture of S. xylosus was prepared with a target concentration of 1 × 109 CFU/mL to
5 × 109 CFU/mL. For this purpose, 2 inoculation loops full of S. xylosus colonies were taken
from the CASO agar plates and resuspended (vortexed) in 1.3 mL of sterile 0.65% NaCl
solution in a 1.5 mL sterile reaction tube (Eppendorf). In total, 100 µL of this suspension
was diluted (vortexed) in another tube with 0.9 mL of sterile 0.65% NaCl solution. A
photospectrometer was used to check against pure 0.65% NaCl at a wavelength of 600 nm
to see if the dilution of the suspension had an absorbance between 5.0–5.7. If lower or
higher, either bacteria or sterile 0.65% NaCl solution was added to the initial suspension,
and the 1:9 dilution was remeasured until the transmittance was in the target range. When
the transmission was suitable, 1 mL of the initial suspension (not the dilution) was given
into the bioaerosol generator. To determine the percentage of culturable cells of S. xylosus
in the initial suspension, a dilution series was set up in sterile 0.65% NaCl and dilution
levels 10−6, 10−7, and 10−8 (final dilution) were plated out in two parallels on CASO agar.
Total cell counts were determined according to VDI 4253 sheet 4 [15] by transferring the
liquid from the 10−3 dilution step to a 15 mL Falcon® centrifuge tube containing 1 mL of
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37% formaldehyde solution, incubating for 2 h at room temperature, and then storing at
4 ◦C in the refrigerator until evaluation. With this procedure, on average approximately
35% (+/−20%) of the counted cells were culturable.

A medical inhalation device (Pari Sinus inhalation device with Pari LC Sprint Sinus
nebulizer, blue nozzle, PARI GmbH, Starnberg, Germany) was used as bioaerosol generator.
A volume of 1 mL of a freshly prepared suspension of S. xylosus was pipetted into the
nebulizer and was thus available for the experiments.

A wet cyclone made of stainless steel was used as a bioaerosol sampler in all tests,
which was structurally based on the collection head of the commercially available Coriolis®µ

bioaerosol collector (Bertin Corp., Rockville, MD, USA). The air inlet was modified to
allow an airtight connection to the chamber piping system. The original plastic cones
of the Coriolis®µ were used as collection vessels. The exhaust air from the wet cy-
clone was filtered through a HEPA filter (H14). A “high volume” sample gas pump
was used to generate the required volume flow of 300 L/min (MCZ Umwelttechnik,
Bad Nauheim, Germany).

Before each experiment, the aluminum foil was removed from the ports of the foil
balloon. The middle port was connected to the pipe system, the temperature/humidity
sensor was installed in the two upper ports, and the PTFE line to the ozone device was
inserted. All ball valves were closed during this process. The bioaerosol chamber was
then moved outside under the open sky. To avoid premature heating of the chamber in
the sun, it was covered with an opaque fabric tarpaulin until shortly before the start of the
experiments. The bioaerosol generator was connected and filled with the test bioaerosol.
The cyclone collector vessel filled with 15 mL of sterile 0.65% NaCl solution was installed.

Each experiment started with commissioning of the measurement equipment. On
the piping system, the ball valve for fresh air supply was opened and all other ball valves
remained closed. With a Labview interface installed on a notebook, the control program
of the chamber was started, and all data were recorded from that point on. The stepper
motor-driven pull valve moved to the start position, and the fan for the supply of outside
air started until full speed was reached. Then, the process of inflating the chamber starts as
the pull gate opens continuously with time the upper tube connecting to the chamber and
at the same time closes the lower tube leading to the outside so that the amount of fresh air
supplied to the chamber increases continuously. The fresh air supply was controlled in such
a way that the chamber volume doubled per unit time (every 2.5 min) and thus increased
exponentially in a uniform manner. After 1 min at a chamber volume of approximately
100 L, the ball valve on the bioaerosol generator was opened and the generator started.
The test microorganisms were then aerosolized into the chamber for one minute. The
bioaerosol generator was then turned off again. The test microorganisms now remained
in the airborne state for approximately 14 min as the chamber volume steadily increased,
resulting in a steady dilution in the air. As soon as the chamber was fully inflated and the
differential pressure between the inside of the chamber and the outside rose above 0.8 mbar,
an acoustic signal sounded and the ball valve for the supply of fresh air was manually
closed. In addition, the supply air was automatically shut off at a pressure of 1.2 mbar.

This was followed immediately by the emptying of the chamber. For this purpose, the
ball valve of the air outlet was opened and the fan for emptying the chamber was started.
The chamber air thus passed through a HEPA filter to the outside. After about 10 s, the ball
valve in front of the bioaerosol collector was opened and the collector was started. A sample
was taken at 300 L/min for one minute from the air flow of the chamber air. The sample
was processed immediately afterwards in the laboratory. After complete evacuation, the
chamber was folded, disconnected from the piping system, the ports were dismantled in a
tub containing disinfectant solution, and the resulting holes in the film were sealed airtight
with vapor barrier tape. The chamber was then autoclaved (121 ◦C, 1 bar overpressure)
and sent for recycling. The ports and the tubing system were disinfected with surface
disinfectant Bacillol®AF and dried and were thus available for the next experiments.
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Figure 2 shows the schematic diagram of an experiment with the 8 m3 bioaerosol
chamber as a function of chamber volume and time. After outside air flowed into the
chamber for 1 min, the bacteria were aerosolized for 1 min. Inside the chamber, they are
then in the airborne state for about 12 min. After the maximum chamber volume is reached,
a part of the bacteria is collected again from the air with Coriolis® cyclone collector and so
they are available for further evaluation.
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Figure 2. Schematic representation of the test procedure as a function of the chamber volume and the
test time.

To calculate the number of microorganisms injected into the chamber, the residual
amount of suspension in the nebulizer was determined gravimetrically and subtracted from
the original amount. Since some of the 15 mL of collection fluid initially introduced was lost
during sampling, the residual amount after collection was also determined gravimetrically.

For the determination of the cultivable fraction of Staphylococci in the samples, after
preparation of a dilution series in sterile 0.65% NaCl solution, dilution levels 100 to 10−5

(final dilution) were plated out in two parallels on CASO agar. The inoculated plates were
then incubated for 24 h at 37 ◦C, and the colonies grown were counted.

The remaining suspension from the Coriolis collection tube was transferred to a
Falcon®Tube (15 mL) containing 1.3 mL of 37% formaldehyde solution, shaken well, fixed
for 2 h at room temperature, and then stored in a refrigerator at 4 ◦C. The total cell count
(TCC) was determined using the DAPI method according to VDI 4253 sheet 4 [15]. For the
subsequent evaluation, the ratio of culturable cells to total cell count was determined in
each case.

Excel was used for the evaluation of the data. The calculation of the respective survival
rates (SR) as a function of the meteorological parameters is obtained from Equation (2). In
each experiment, the ratio of total cell count (TCCT) and culturable cells (CFUT) was first
calculated in the test bioaerosol (initial suspension or stable dust). After the experiments,
the ratio of total cell count (TCCS) and culturable cells (CFUS) was also determined in the
sample. Subsequently, the ratio in the test aerosol was divided by the ratio in the sample
and multiplied by 100 to arrive at the survival rate in %.

SR (%) = (CFUT /TCCT)/(CFUS/TCCS) × 100 (2)

CFUT: cultivable cells in the test bioaerosol.
TCCT: total cell count in the test bioaerosol.
CFUS: cultivable cells in the sample.
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TCCS: total cell count in the sample.

3. Results
3.1. Conditions within the Chamber

The aim was to perform the experiments under realistic outdoor air conditions cor-
responding to the climatic conditions prevailing in our latitudes. In general, the novel
bioaerosol chamber was very well-suited to study the survival rates of airborne microor-
ganisms under realistic outdoor air conditions. Figure 3 shows the curves of temperature
and relative humidity in the bioaerosol chamber during the experiments.
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Figure 3. Course of temperature and relative humidity in the bioaerosol chamber during the
54 experiments.

Overall, the experiments took place at temperatures in the chamber ranging from
approx. −3 ◦C to approx. 35 ◦C. Temperatures inside the bioaerosol chamber were always
slightly higher than outside. The temperature differences in the chamber between the
beginning and end of a 12 min experiment were on average 4.2 ◦C to a maximum of
11.4 ◦C. For comparison in the outdoor air, temperature differences between the beginning
and end of an experiment were on average only 0.7 ◦C to a maximum of 4.8 ◦C. At medium
outside temperatures, the temperature curves are relatively constant, and the temperature
difference between the beginning and end of the tests is small. However, at low outdoor
temperatures, the temperatures in the chamber continued to drop somewhat during the
tests. In contrast, at high outdoor temperatures and strong solar radiation, the temperatures
in the chamber increased significantly during the experiments.

Relative humidities within the chamber were approximately between 20% and 80%
and were relatively constant, rising or falling during the tests somewhat depending on the
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meteorological conditions in the outside air. Between the beginning and end of an experi-
ment, the differences in the bioaerosol chamber were on average 12.7%. By comparison, the
relative humidity in the outside air changed by only 4.2% on average. When the bioaerosols
were sprayed into the chamber, there was also a slight increase of approx. 5–10%, but this
quickly fell again.

Figure 4 shows the relative radiation intensity of the natural sunlight spectrum in the
wavelength range of 320 nm–780 nm compared to the light spectrum in the chamber. The
course of the two spectra is approximately the same, but the relative radiation intensity in
the chamber was on average 11% lower (4%–16%, depending on the wavelength). Thus,
the transmission of the foil for this wavelength range was 89% on average. In the UV range
of 320 nm–400 nm, the transmission of the foil was 95%, and in the global radiation range
of 310 nm–2800 nm it was 83.5%.
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For the experiments, global irradiance varied greatly throughout the year. The average
irradiances during the experiments in the chamber ranged from 4.81 W/m2 on a dull
morning to 978 W/m2 in summer with full sunlight. There were also frequent strong
fluctuations during the individual tests; in an extreme case, a drop from 831 W/m2 to
35 W/m2 was measured when a dense cloud moved in front of the sun on an August day.

Overall, relatively low ozone concentrations from 0.002 ppm to a maximum of
0.045 ppm were measured in the outdoor air during the experiments. The measured
values were confirmed by comparing the data with a weather station 300 m away of the
German Weather Service (DWD). The ozone concentrations in the chamber were signif-
icantly lower in each case and between 0.001 ppm and 0.032 ppm. Compared to the
outside air, the values in the chamber averaged about 60% despite the continuous supply of
fresh air.

Despite the differences between chamber and outdoor air, it was possible to create
conditions inside the bioaerosol chamber that approximate real outdoor air conditions and
can be considered representative of climatic conditions in the mid-latitudes.

3.2. Microbiological Test

The novel bioaerosol chamber was very well-suited to study the survival rates of
airborne microorganisms under realistic outdoor air conditions. During the twelve-minute
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experiments, an average of about 80% of the bacterial cells inside the chamber was lost due
to sedimentation or wall effects. However, enough were still present for evaluation.

Table 1 shows the mean values of temperature, relative humidity, ozone concentration,
and global radiation for the 52 individual experiments in the chamber and the survival
rates determined. The calculated survival rates range from 0.003% to 437.6%. Overall,
about 1/3 of the survival rates are above 100%.

Table 1. Mean values of temperature, relative humidity, ozone concentration, and global radiation
for the 52 individual experiments in the chamber and the survival rates determined.

Number of
Experiment Temperature (◦C) Relative Humidity

(%)

Ozone
Concentration

(ppm)

Global Radiation
(W/m2) Survival Rate (%)

1 25.2 59 0.018 173 30.7
2 25.6 45 0.019 290 5.2
3 31.6 34 0.020 512 0.2
4 19.3 62 0.013 65 19.8
5 24.1 62 0.009 160 2.1
6 18.8 61 0.013 72 166.6
7 15.2 77 0.003 51 20.9
8 18.4 50 0.012 208 11.1
9 15.6 60 0.005 90 27.9
10 14.7 54 0.002 63 78.9
11 11.8 51 0.008 57 42.2
12 13.2 49 0.009 86 100.5
13 15.0 53 0.006 87 144.4
14 13.8 56 0.011 23 155.7
15 15.4 62 0.007 17 137.7
16 14.2 56 0.019 40 20.2
17 10.6 57 0.010 29 99.1
18 11.5 43 0.005 37 72.9
19 13.4 54 0.012 24 437.6
20 13.1 50 0.017 168 295.4
21 12.1 52 0.022 112 159.6
22 11.6 43 0.017 124 134.9
23 11.1 43 0.024 76 296.1
24 10.9 66 0.016 84 138.1
25 11.8 54 0.018 181 50.5
26 11.2 53 0.023 171 130.9
27 6.5 63 0.012 4 154.4
28 30.4 32 0.026 693 1.8
29 23.2 39 0.038 817 0.1
30 18.0 69 0.016 96 31.0
31 36.7 25 0.016 359 76.3
32 26.1 40 0.022 135 37.8
33 28.9 34 0.022 517 0.2
34 31.3 26 0.026 684 0.003
35 28.6 48 0.016 484 21.8
36 30.7 42 0.018 431 10.1
37 27.5 37 0.022 549 0.2
38 30.1 31 0.027 668 0.004
39 29.5 48 0.071 457 14.4
40 27.6 54 0.026 5 223.6
41 18.6 60 0.016 143 175.9
42 23.6 48 0.019 302 67.1
43 22.6 55 0.011 442 27.9
44 25.3 45 0.017 442 12.2
45 19.4 62 0.009 4 87.8
46 21.2 57 0.008 4 57.7
47 9.9 56 0.001 27 197.6
48 6.7 67 0.001 30 128.2
49 −1.1 61 0.007 61 124.5
50 4.4 49 0.011 88 214.7
51 −1.8 54 0.014 144 14.9
52 0.2 48 0.019 181 50.4
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In the following figures, the survival rates are plotted logarithmically against the
individual parameters global radiation, temperature, relative humidity, and ozone concen-
tration. Figure 5 shows the survival rates of S. xylosus as a function of global radiation.
The individual values vary strongly in the range of two powers of ten. Nevertheless, an
exponential decrease of the survival rate with increasing intensity of the global radiation
can be clearly seen. From 500 W/m2, at least a reduction of 90% takes place in 12 min. In
the range up to 200 W/m2, survival rates of more than 100% also occur mathematically.
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global radiation (n = 54).

Figure 6 shows the survival rates of S. xylosus as a function of temperature and global
radiation. Here too, a decrease in survival rate with increasing temperature can be seen,
with even larger fluctuation ranges. Especially from 20 ◦C to 35 ◦C, the survival rates
decrease significantly. If the influence of global radiation is also taken into account, survival
rates of less than 10% were only found at high global radiation values of over 400 W/m2.
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Figure 7 shows the survival rates of S. xylosus as a function of relative humidity and
global radiation. Here, the survival rate decreases especially at low relative humidity of
<40%. As with temperature, survival rates < 10% are observed at global radiation levels
>400 W/m2.

Atmosphere 2022, 13, x FOR PEER REVIEW 11 of 14 
 

 

with even larger fluctuation ranges. Especially from 20 °C to 35 °C, the survival rates 
decrease significantly. If the influence of global radiation is also taken into account, 
survival rates of less than 10% were only found at high global radiation values of over 400 
W/m2. 

 
Figure 6. Survival rates of Staphylococcus xylosus after 12 min in the airborne state as a function of 
temperature and the influence of global radiation (n = 54). 

Figure 7 shows the survival rates of S. xylosus as a function of relative humidity and 
global radiation. Here, the survival rate decreases especially at low relative humidity of 
<40%. As with temperature, survival rates < 10% are observed at global radiation levels > 
400 W/m2.  

 
Figure 7. Survival rates of Staphylococcus xylosus after 12 min in the airborne state as a function of 
relative humidity and the influence of global radiation (n = 54). 

Figure 8 shows the survival rates of S. xylosus as a function of ozone concentration 
and global radiation. Again, an exponential decrease tends to be seen with even greater 
variation. Especially above 0.025 ppm, the survival rate is significantly reduced. Again, 
survival rates of less than 10% occur primarily at global radiation values of >400 W/m2. 

Figure 7. Survival rates of Staphylococcus xylosus after 12 min in the airborne state as a function of
relative humidity and the influence of global radiation (n = 54).

Figure 8 shows the survival rates of S. xylosus as a function of ozone concentration
and global radiation. Again, an exponential decrease tends to be seen with even greater
variation. Especially above 0.025 ppm, the survival rate is significantly reduced. Again,
survival rates of less than 10% occur primarily at global radiation values of >400 W/m2.
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In summary, under the given experimental conditions, global irradiance has the great-
est influence on the survival rates of S. xylosus in the airborne state. At mean irradiances of
>400 W/m2, a reduction in survival rate of more than 90% can be expected in 12 min. For
the other parameters, no clear dependence of the survival rates on temperature, relative
humidity, and ozone could be determined in this period, also due to the strong scattering
of the values, since the global radiation obviously acted synergistically there and had the
greater influence.

4. Discussion

The results show a good applicability of the novel bioaerosol chamber, because for the
first time all important meteorological factors influencing the survival rates of airborne
microorganisms could be considered together. In particular, maintaining the ozone concen-
tration inside the chamber was a challenge. Despite the concentration losses, there was still
sufficient ozone, and thus presumably OAF, at 60% inside the chamber compared to the
outside air to demonstrate an impact on the survival rates of the test microorganisms in
subsequent studies. However, the results also underline the need for a continuous supply
of fresh air if the OAF is to be taken into account.

Our results showed relatively large ranges of variation, making it difficult to quantify
the effects of individual meteorological parameters. Moreover, about one third of the
calculated survival rates were above 100%. One reason for this could be methodological
differences in the determination of cell number by DAPI staining and the culture-based
determination of CFU. Both methods also have a relatively high variability. The results
should therefore be validated in further studies. The limitation of the test time to about
15 min in our 8 m3 chamber was not a major restriction for our research question. In terms
of dispersion modeling, at average wind speeds of 3 m/s, this corresponds to dispersion
distances of about 3 km, which is sufficient for evaluating livestock housing in practice.
However, our results showed relatively large ranges of variation, making it difficult to
quantify the individual effects. One reason is certainly the relatively short time that the
bacteria are in the airborne state compared to other studies. Authors such as Dinter and
Müller (1988) [16] or Gannon et al. (2007) [17] have had their test microorganisms in static
and rotating chambers for several hours or Handley and Webster (1995) [11] with the
microthread technique for several days. If longer periods in the airborne state could be
studied, perhaps the influence of meteorological conditions on survival rates would be
clearer. In larger chambers with a volume of about 50 m3, test times of up to 30 min were
possible in preliminary tests. With longer test times, or longer phases of the airborne state,
it may be possible to differentiate the influences of the various factors even better. However,
larger chambers then come at the expense of manageability. The system is therefore rather
unsuitable for investigating the long-term transport of bioaerosols.

Results from field studies already show that meteorological parameters such as temper-
ature, humidity, or UV radiation negatively affect the survival of airborne bacteria [18–20].
Moreover, in the present study, meteorological parameters have been shown to have a sig-
nificant impact on the survival rate of airborne bacteria, even during the short experimental
period of 12 min. In addition, the dependencies of survival rates described by various
authors when studying individual meteorological parameters in closed test chambers were
also observed here. For example, that kill rates increase with increasing temperatures [21],
low humidities reduce viability [22], or sunlight reduces survival rates [12]. There are
also synergistic effects between the parameters. For example, relative humidity affects the
germicidal effect of UV radiation [23].

In terms of dispersion calculations, this means that a strong reduction in survival rates
of airborne Staphylococci due to weather is to be expected, especially on sunny, warm days.
Especially in the case of global radiation, despite the large range of variation of two orders
of magnitude, an exponential decrease in survival rate with increasing intensity was clearly
evident. Thus, global radiation seems to be the most dominant parameter with respect
to its influence on the survival rate of airborne S. xylosus. Based on the natural sunlight
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spectrum, it is primarily the proportion of UV radiation that has the greatest influence on
the survival of bacteria in the air [24]. Here, it is also to be considered that the portion
of the UV radiation of the global radiation increases, e.g., with the height over N. N. or
with lower latitudes. Therefore, the influence of global radiation would probably be even
greater there than in the present experiments. In contrast, it has to be in mind that the test
bacteria were mainly single cells in the air. Bacteria in real dust may be better protected
from solar radiation than when they were exposed to radiation as single cells comparatively
unprotected, as in the case of S. xylosus.

5. Conclusions

The novel bioaerosol chamber has proven itself in practice and enabled the investi-
gation of the persistence of airborne microorganisms over a certain period of time in a
quasi-closed system and yet under real outdoor air conditions. With regard to dispersion
modeling, further studies are needed, e.g., with Staphylococci in real dust, to demonstrate
the influence of global radiation on their survival rates. The novel bioaerosol chamber
described in this work is suitable for these experiments. Quantification of the influences of
global radiation, temperature, relative humidity, and ozone on survival rates of airborne
Staphylococci, as required to improve dispersion models, is possible in principle based
on the data collected in this study. However, further experiments should be conducted
beforehand to validate the results due to the high variability.
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